Evaluation of polymer based third order nonlinear integrated optics devices by Driessen, A. et al.
2siL . __ 
l!LiB gi 
ELSEVIER 
January 1998 
Optical Materials 9 (1998) 329-333 
Evaluation of polymer based third order nonlinear integrated 
optics devices 
A. Driessen a, * , H.J.W.M. Hoekstra a, F.C. Blom a, F. Horst a, G.J.M. Krijnen a, 
J.B.P. van Schoot a, P.V. Lambeck a, Th.J.A. Popma a, M.B. Diemeer b 
a MESA Research Institute, University of Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands 
b Akzo Nobel Research, P.O. Box 9300, 6800 SB Arnhem, The Netherlands 
Abstract 
Nonlinear polymers are promising materials for high speed active integrated optics devices. In this paper we evaluate the 
perspectives polymer based nonlinear optical devices can offer. Special attention is directed to the materials aspects. In our 
experimental work we applied mainly Akzo Nobel DANS side-chain polymer that exhibits large second and third order 
coefficients. This material has been characterized by third harmonic generation, z-scan and pump-probe measurements. In 
addition, various waveguiding structures have been used to measure the nonlinear absorption (two photon absorption) on a 
ps time-scale. Finally an integrated optics Mach Zehnder interferometer has been realized and evaluated. It is shown that the 
DANS side-chain polymer has many of the desired properties: the material is easily processable in high-quality optical 
waveguiding structures, has low linear absorption and its nonlinearity has a pure electronic origin. More materials research 
has to be done to arrive at materials with higher nonlinear coefficients to allow switching at moderate light intensity ( < 1 W 
peak power) and also with lower nonlinear absorption coefficients. 0 1998 Elsevier Science B.V. 
1. Introduction 
In optical data communication point to point 
transmission of high bit-rate data up to the Tbit/s 
range is possible with the present technology. With 
the increasing demand of bandwidth, however, there 
is an increasing need of all-optical networks, where 
not only transmission but also routing and switching 
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4893343; e-mail: a.driessen@tn.utwente.nl. 
is done in the optical domain [I]. For this, all-optical 
switching and data processing by means of nonlinear 
optical (nlo) devices have to be developed. In this 
paper we evaluate the perspectives polymer based 
nonlinear optical devices can offer. The first section 
deals with polymeric third order nlo materials, espe- 
cially Akzo Nobel DANS side-chain polymer. There- 
after a discussion of some polymeric nlo integrated 
optics devices is presented. By doing this we concen- 
trate on our own work with DANS polymer. 
The interaction of light by light in all-optical 
devices can be achieved by the employment of third 
order nlo materials. For these materials the complex 
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index of refraction n is a function of the light 
intensity I (or field E) and can be written as: 
(1) 
with: 
n2,E = ewOC/2)~2,1~ 3X1(31,1,1/w%) (2) 
and n2 the Intensity Dependent Refractive Index, 
IDOL and xI(,:),,,i the third order susceptibility. The 
IDRI can be used to introduce an intensity induced 
phase shift: 
where L,, is the effective length (e.g., the nonlinear 
branch in a Mach Zehnder interferometer, MZI) over 
which the phase shift is accumulated. In theory any 
material could be used for all-optical devices as long 
as there are no limits to Leff and 1. In reality, linear 
and nonlinear absorption can reduce the light inten- 
sity such that even with an infinite length and very 
high intensity no sufficient phase shift can be ob- 
tained. Stegeman and Miller [2] introduced the fig- 
ures of merit (FOM) W and T accounting for the 
linear and nlo absorption respectively. For a com- 
plete switching in an all-optical device (for example 
an MZI) both conditions have to be fulfilled: W > 0.8 
and T<4. 
2. Polymeric third order nlo materials 
The promising work on third order nlo polymers 
has up to now not yet resulted in extended commer- 
cial activities. As a consequence, polymers are mostly 
synthesized in research institutes in small quantities, 
just allowing a first evaluation of linear and nlo 
properties (1 g is often sufficient). For the applica- 
tion in nlo integrated optics devices, also other prop- 
erties have to be optimized like stability in time, 
processability in thin layers by spin coating, trans- 
parency after spinning, etc. In general, for this evalu- 
ation one needs a constant supply of nlo material 
with constant quality for a longer period; the total 
amount needed could be hundreds of grams. It is 
therefore desirable to identify in an as early as 
possible stage the promising nlo material, that in 
many cases is only available as powder or solved in 
a liquid. 
Akzo Nobel DANS side-chain polymer, a poly- 
mer originally optimized for use in electro-optic 
integrated optic devices, has been extensively ana- 
lyzed in collaborations of Akzo Nobel with Stege- 
man [3-51 and ourselves [6-S]. On the basis of the 
linear absorption curve, which peaks at 430 nm and 
extends to about 550 nm on the visible side, one can 
identify the one, two and three photon resonance at 
430 nm, 860 nm and 1290 nm. Around these wave- 
lengths enhancement of the nonlinear susceptibility 
will be expected. In our group we used third har- 
monic generation (THG), z-scan and pump-probe 
measurements for DANS in solid form as well as in 
Table 1 
Characteristics of some characterization methods for the third order optical nonlinearity. THG: third harmonic generation, PWM: four wave 
mixing; PP: pump-probe measurement. PDM: pulse deformation measurement, MZI Mach Zehnder interferometer; DCK: dc Kerr effect. 
The first column gives the nlo coefficient measured by the method; the next indicate to what extend the method is able to detect the pure 
electronic contribution and the real and imaginary part of the IDRI respectively. The next indicates in which state or form the material can 
be characterized: liquid, solid, thin film or waveguide 
Method Coefficient to be measured Only electronic contribution IDRI n2 IDRI p Liquid Solid Thin film Waveguide 
THG pkI (-3w w 0 Co) ++ 
z-scan x;fil’(-o ; L,’ w) + 
FWM X!3jk, C-J 1, -Lb, w,) + 
PP Xf4,‘, (-@” @a’ -wb, w,l 
x1($ I) (-- cI&, “’ w, w) 
+ 
PDM + 
MZI ,#‘1, c-w, 0, --w, w) + 
DCK xl’:‘,, (-w, o,o, 0) _ 
++ ++ + 
++ ++ ++ ++ + 
++ ++ + ++ 
++ ++ ++ 
- ++ - ++ 
++ + _ - - ++ 
- ++ 
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Table 2 
Overview of third order nonlinear susceptibility measurements on Akzo Nobel DANS side-chain polymers 
Method State hlpml Pulse-length [ps] rr2 X lo-” m2/W p X lo-” m/W Ref. 
z-scan 
THG 
THG 
THG 
THG 
IDRI 
IDRI 
IDRI-MZI 
IDRI-MZI 
TPA 
TPA,average intensity 
TPA pulse distortion 
liquid 1.064 
film 1.313 
film 1.064 
film 1.579 
film 1.904 
waveguide 1064 
waveguide 1319 
waveguide 1053 
waveguide 1053 
waveguide 1053 
waveguide 930 
waveguide 930 
= 5000 
75 
= 5000 
= 5000 
= 5000 
100 
100 
100 
1 
1 
10 8 Blom 
0.423 * 0.07 Blom 
0.343 Torruellas [5] 
0.119 Tormellas [5] 
0.067 Tormellas [5] 
7+1 0.8-2 Marques [3] 
8+2 < 0.08 Kim [4] 
12 v. Schoot [71 
4 v. Schoot [71 
0.4 v. Schoot [7] 
0.4 f 1.8 Horst [8] 
0.47 + 2 Horst [8] 
solution. The susceptibility xI(y),i,,( - 3w, o, w, w), 
measured by THG originates exclusively from the 
change in the electronic charge distribution and gives 
therefore a measure for the high frequency limit. The 
z-scan method determines the for the IDRI relevant 
coefficient. Depending on the pulse length used, it 
includes contributions originating from the change in 
position of the nucleus- and electron-charges and 
even thermal effects. As the nucleus mobility is 
completely different in the solid or fluid state, the 
coefficients obtained by z-scan will also be largely 
different on the state of the material under test. 
Pump-probe measurements give additional informa- 
tion as two light-pulse with different wavelength and 
variable delay can be employed. All that is said with 
respect to the z-scan is valid also for this method, in 
addition direct life-time measurements can be per- 
formed. Table 1 summarizes the characteristics of 
some important characterization methods. 
In the case of the DANS side chain polymer of 
Akzo Nobel several methods have been used for the 
determination of the nlo coefficient. Table 2 gives an 
overview of results obtained by us or published by 
others in literature. There is essential agreement 
within the experimental error. Stegeman and Miller 
121 determined the FOM for DANS at 1.06 ,um: 
W > 1.4 and T = 1, that means DANS should allow 
complete switching in nlo devices. 
3. Nlo integrated optics devices based on polymers 
The nlo coefficients of the Akzo Nobel DANS 
side chain polymer are sufficiently high to allow 
all-optical switching in integrated optics devices at 
least at wavelengths where the linear and nonlinear 
absorption is sufficient low to have acceptable FOMs 
W and T. The waveguides fabricated in our group 
have an effective area of approximately 3 x 2 pm2. 
The peak-power in the laser pulses inside the wave- 
guide is restricted to below 100 W in order to avoid 
thermal damage of the input facets of the wave- 
PC cladding 
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Fig. 1. Nlo polymeric waveguiding structure for measuring the TPA coefficient (Horst [8]). 
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Fig. 2. Autocorrelator traces of the transmission of 1.5 ps pulses through a linear and a nonlinear waveguide (see Fig. 1). 
side view top view 
Fig. 3. Side and top view of a polymeric nlo MZI (van Schoot [7]). The polymer is used as a cladding layer only in one of the branches of 
the MZI. In the topview the window can be seen where the linear cladding has been removed by etching and later substituted by the nlo 
polymer. 
Fig. 4. Cross section of the nlo branch of the nlo MZI of Fig. 3. 
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guides. The power density therefore inside the wave- 
guide can not easily exceed lo9 W/cm’. The nlo- 
devices studied by us up to now include an MZI 
[7,9], and test-waveguides to measure the TPA coef- 
ficients [7,8]. Fig. 1 shows a test device for ps 
auto-correlation measurements by Horst [8]. The au- 
tocorrelation trace (with laser pulses of 1 ps @ 930 
nm) for a polymeric nlo waveguide is given in Fig. 2 
together with traces of a linear reference channel. 
Clearly the broadening of the pulse due to the TPA 
can be seen. In addition work is still in progress on 
nonlinear micro-cavities [ 101 and nonlinear Bragg- 
grating structures [8,111 that should allow the genera- 
tion of gap-solutions. 
The nlo MZI by van Schoot [7] is schematically 
depicted in Fig. 3. It consists of SiON based linear 
waveguides, where in one branch the cladding has 
been replaced by the nlo polymer. Fig. 4 gives a 
cross section of the nlo waveguiding structure. The 
device has been tested with 100 ps pulses from a 
mode-locked and Q-switched YLF laser operating at 
1057 nm. Analyzing the pulse form at the output 
waveguide of the MZI as a function of the static 
phase difference of the two branches of the MZI, a 
nlo phase shift of 0.5 rad could be deduced. Alterna- 
tively, with a lock-in technique, the shift in fringes 
due to applying high and low intensity pulses could 
be detected. 
4. Conclusions 
The characterization measurements and experi- 
mental evaluation of devices confirm the promising 
properties of nlo polymers for all-optical switching. 
It is possible to design and realize a variety of 
devices that all exhibit all-optical switching behav- 
ior. The reasonable agreement in Table 2 between 
the measured data for DANS indicates that the work- 
ing principles of the devices are well understood. 
Regarding the nlo coefficients of the materials avail- 
able up to now, however, one should continue to 
search for materials with nlo coefficients at least two 
orders of magnitude higher than the present material. 
If this can be reached, the light intensities needed for 
all-optical switching could be reduced to about 1 W. 
This intensity is easily available by use of standard 
telecommunication lasers in connection with optical 
fiber- or semiconductor amplifiers. 
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